Blood pressure reduction and renin-angiotensin-aldosterone system inhibition are targets for treatment of atherosclerosis. The effect of renin inhibition on coronary disease progression has not been investigated.
G uidelines recommend blood pressure reduction in patients with hypertension with a treatment goal of 140 mm Hg for systolic and 90 mm Hg diastolic blood pressure for most individuals. 1 The benefit of additional blood pressure lowering agents in patients who have reached treatment goals has not been established. However, few trials have examined the benefits and risks of further intensifying blood pressure treatment in patients with established coronary artery disease (CAD) who are in the prehypertension range. 2, 3 Preclinical data demonstrate that renin-angiotensinaldosterone system (RAAS) activation plays an important role in atherosclerosis 4 and that RAAS inhibition may have a direct beneficial effect on the artery wall. 5 Conventional RAAS modulating agents result in a compensatory increase in circulating renin levels, which may counteract any vascular benefits. 6 Direct renin inhibition enables RAAS modulation without increases in renin activity. 7 A potential advantage is supported by evidence of an atheroprotective effect of renin inhibition in animal atherosclerosis models. [8] [9] [10] However, enthusiasm for this approach decreased following the demonstration of potentially harmful clinical effects with the renin inhibitor, aliskiren, in patients with diabetes.
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The effect of renin inhibition on atherosclerotic plaque in humans has not been investigated. Measurement of coronary atherosclerotic plaque burden with intravascular ultrasound (IVUS) imaging enables examination of the effects of antiatherosclerotic therapies on progression of coronary disease. [12] [13] [14] Post hoc analyses of previous trials have demonstrated a direct relationship between achieved blood pressure levels and disease progression extending into the prehypertension range. 15 Accordingly, we sought to determine if aliskiren would slow progression of coronary atherosclerosis in patients whose blood pressure was considered optimally controlled to current treatment targets.
Methods

Study Design
The Aliskiren Quantitative Atherosclerosis Regression Intravascular Ultrasound Study (AQUARIUS) was a prospective, randomized, multicenter, double-blind clinical trial. Randomization was stratified according to geographic region. The trial was designed by the Cleveland Clinic Coordinating Center for Clinical Research in collaboration with the trial sponsor, Novartis Pharmaceuticals. Institutional review boards at each site approved the protocol, and patients provided written informed consent. Participants aged 35 years or older were eligible if they demonstrated at least one 20% stenosis on clinically indicated coronary angiography and a target vessel for imaging with less than 50% obstruction. Participants were required to have a systolic blood pressure between 125 and 139 mm Hg and a diastolic blood pressure less than 90 mm Hg at entry plus 2 cardiovascular risk factors from a list that included (1) history of myocardial infarction, acute coronary syndrome, or arterial revascularization, (2) no statin use in the preceding 3 months, (3) high-density lipoprotein cholesterol level lower than 40 mg/dL in men or 50 mg/dL in women or triglyceride level greater than 150 mg/dL, (4) ratio of urinary albumin to creatinine between 30 and 300 mg/g, (5) age older than 55 years, (6) type 2 diabetes, (7) current smoker, (8) left ventricular hypertrophy, and (9) high-sensitivity C-reactive protein level of 2 mg/L or greater. Participants were excluded if they were receiving at least 2 agents that target the RAAS, had uncontrolled hypertension (blood pressure ≥140/90 mm Hg) or heart failure, renal dysfunction, or liver disease.
Participants meeting the inclusion criteria underwent preliminary single-blinded treatment with 150 mg of aliskiren for 1 week to evaluate tolerability to the agent and then underwent 1:1 randomization via an interactive voice response system to treatment with 300 mg of aliskiren or placebo daily for 104 weeks. A clinical events committee blinded to treatment assignment centrally adjudicated cardiovascular events. In December 2011, following termination of a clinical trial of aliskiren treatment in patients with type 2 diabetes with background standard RAAS blocking therapy, the use of aliskiren in patients with diabetes treated with either an angiotensinconverting enzyme (ACE) inhibitor or angiotensin receptor blocker (ARB) was contraindicated. Consequently, the participation of 91 patients with diabetes in the AQUARIUS study (43 in the aliskiren group and 48 in the placebo group) was prematurely discontinued from study treatment, 44 of them without having evaluable follow-up imaging.
Acquisition and Analysis of Ultrasound Images
Following coronary angiography, baseline IVUS imaging was performed. Previous reports have described the methods of image acquisition and analysis. 3, [12] [13] [14] [16] [17] [18] [19] [20] Imaging was performed in a single artery and screened by a core laboratory. The target vessel was selected by the investigator as the longest and least angulated artery that contained no stenosis greater than 50%. Participants meeting prespecified requirements for image quality were eligible for randomization. After 104 weeks of treatment, patients underwent a second ultrasonographic examination in the same artery. Participants presenting for a clinically indicated coronary angiogram after taking study medication for more than 72 weeks were permitted to undergo early final study IVUS imaging. Using digitized images, personnel (unaware of the treatment status and time sequence of paired imaging) performed measurements of the lumen and external elastic membrane in images within a matched artery segment. The accuracy and reproducibility of this method have been reported previously. The primary efficacy measure, percent atheroma volume (PAV), was calculated as follows:
where EEM area is the cross-sectional area of the external elastic membrane and lumen area is the cross-sectional area of the lumen. The change in PAV was calculated as the PAV at follow-up minus the PAV at baseline. A secondary measure of efficacy, normalized total atheroma volume (TAV), was calculated as follows:
where the average plaque area in each image was multiplied by the median number of images analyzed in the entire cohort to compensate for differences in segment length between participants. The efficacy measure of change in normalized TAV was calculated as the TAV at follow-up minus the TAV at baseline. An additional secondary efficacy measure included the percentage of participants that demonstrated any regression of PAV or TAV, defined as any decrease in the parameter from baseline. Exploratory end points included changes in blood pressure and biochemical measures, major adverse cardiovascular events, safety, and tolerability.
Statistical Analysis
For continuous variables with an approximately normal distribution, mean and standard deviation are reported. For variables not normally distributed, median and interquartile ranges (IQRs) are reported. Race was self-reported according to categories preselected by the investigators. The primary efficacy end point, biochemical measures, and blood pressure during treatment were analyzed by using analysis of covariance, after controlling for baseline value, region, and treatment, and reported as least squares means and 95% confidence intervals.
For the change in the primary efficacy parameter, PAV, a sample size of 222 patients in each treatment group was required to provide 80% power at a 2-sided α level of .05 to detect a nominal treatment difference of 0.80%, assuming a 3.0% standard deviation. This treatment difference exceeded previously reported differences in disease progression between those who did and did not experience a subsequent cardiovascular event. 21 Assuming a withdrawal rate of 25%, 592 randomized study participants were required to ensure a final sample size of 444. All reported P values are 2-sided. The protocol and statistical analysis plan are available in the Supplement. All analyses were performed using SAS version 9.2 (SAS Institute Inc).
Results
Participant Characteristics
The disposition of participants in the study is summarized in Figure 1 . and community hospitals in Europe, Australia, and North and South America, 652 participants were treated with 150 mg of aliskiren for 1 week. Following this run-in period, 305 participants were randomized to 300 mg of aliskiren and 308 to placebo taken orally daily. There were 458 participants (74.7%) who remained in the study for more than 72 weeks and had IVUS imaging that permitted evaluation at both baseline and follow-up (end of follow-up: January 31, 2013). Of these participants, 225 were in the aliskiren group and 233 were in the placebo group. The 2 treatment groups had no significant differences in demographic characteristics, medication use, and laboratory values at baseline ( Table 1) . Similarly, baseline characteristics did not differ significantly between participants who completed the study and those who did not. Median levels of plasma renin activity during treatment were 0.2 ng/mL/h (IQR, 0.2 to 0.5 ng/mL/h) in the aliskiren group and 1.5 ng/mL/h (IQR, 0.6 to 6.3 ng/mL/h) in the placebo group (P< .001). Median levels of plasma renin concentration during treatment were 88.8 ng/L (IQR, 31.8 to 209.1 ng/L) in the aliskiren group and 19.8 ng/L (IQR, 9.9 to 63.0 ng/L) in the placebo group (P< .001). Figure 2 ).
Blood Pressure and Biochemical Measurements
IVUS and Clinical End Points
Subgroup analyses (Figure 3 ) included outcomes in participants with and without diabetes. Percent atheroma volume was observed to decrease with aliskiren treatment in participants without diabetes (mean [SD], −0.53% [0.20%]; 95% CI, −0.93% to −0.13%), but not in those with diabetes (mean [SD] , 0.15% [0.38%]; 95% CI, −0.61% to 0.90%). However, there was no significant difference between treatment groups in patients with or without diabetes (P = .55). There was no significant interaction found with heterogeneity testing for differences between treatment groups in any subgroup. There was no significant relationship between the change in PAV and achieved levels of either systolic (r = −0.05, P = .32) or diastolic (r = −0.003, P = .94) blood pressure in any subgroup. Table 4 shows reasons for study discontinuation, laboratory abnormalities, and centrally adjudicated clinical events. A greater number of discontinuations of participation due to adverse events was observed in the aliskiren group compared with the placebo group (8.2% vs 4.5%, respectively). A similar number of administrative discontinuations from study medications in participants with diabetes who were treated with another RAAS modifying agent was observed following the cessation of the Aliskiren Trial in Type 2 Diabetes Using Cardiorenal Endpoints (ALTITUDE) study. Investigator-reported incidence of hypotension (7.2% vs 3.9%; P = .04) and renal and urinary disorders (6.9% vs 4.9%; P = .38) were more likely to be observed in the aliskiren group compared with the placebo group. The incidence of hyperkalemia (≥5.5 mEq/L) was similar in both groups (10.7% in the aliskiren group vs 9.8% in the placebo group; P = .76).
Clinical and Laboratory Adverse Events
Discussion
The AQUARIUS study evaluated the effect of the renin inhibitor, aliskiren, on progression of coronary atherosclerosis in patients with prehypertension and established coronary disease whose blood pressure control was considered optimal by conventional guidelines. Aliskiren moderately reduced blood pressure, substantially reduced plasma renin activity, and produced a compensatory increase in plasma renin concentration. The primary and secondary IVUS end points failed to demonstrate a significant difference in disease progression between patients who received aliskiren and those who received placebo. During the prespecified exploratory analysis, we observed fewer adjudicated major adverse cardiovascular events in the aliskiren group. Although these exploratory findings support the hypothesis of potential beneficial effects of renin inhibition in patients with preexisting CAD and blood pressure levels treated to goal, the current clinical findings are inconclusive. Definitive demonstration of a clinical outcome benefit will require a larger, adequately powered clinical trial with cardiovascular events prespecifed as the primary end point. Even though lowering blood pressure is a cornerstone of secondary prevention, the optimal level for patients with CAD remains uncertain. Current guidelines do not recommend drug treatment for patients with blood pressure levels below 140 mm Hg systolic and 90 mm Hg diastolic.
1 Treatment targets are based on the findings of clinical trials of blood pressure lowering agents in patients with overt hypertension. Furthermore, these recommendations are derived from studies of heterogeneous populations that included patients with and without CAD. A prior placebo-controlled trial studied amlodipine and enalapril in patients with known coronary disease and a mean systolic and diastolic blood pressure of approximately 129 and 78 mm Hg, showing a statistically significant and measures of renin activity predict cardiovascular events in patients with hypertension. [23] [24] [25] [26] [27] Theoretically, compensatory increases in renin observed with conventional RAAS modulating agents may counterbalance potentially favorable effects on disease progression. In the AQUARIUS study, although greater blood pressure lowering was observed in the aliskiren treatment group, we did not observe a relationship between aliskiren and either achieved levels of blood pressure or slowing of disease progression. The mechanism underlying any potential benefit of aliskiren on atherosclerosis and cardiovascular events requires further investigation. Renin inhibition as a therapeutic strategy has been controversial following the premature termination of a trial studying aliskiren in patients with diabetes; that study was stopped for a nonsignificant increase in cardiovascular events.
11 A second trial studying the effects of renin inhibition in patients with heart failure also did not show a significant benefit. 28 In contrast, an ambulatory blood pressure study evaluating the combination of aliskiren and valsartan in the setting of stage 2 chronic kidney disease showed no evidence of adverse effects, whereas overall 24-hour and nocturnal blood pressure was better controlled. 29 In the current trial, we studied patients with coronary disease identified during cardiac catheterization; however, the mean estimated glomerular filtration rate was similar to the blood pressure study that showed benefit from the combination therapy.
29
Patients with diabetes were withdrawn from our study after a change in the product label contraindicating concomitant use of aliskiren in patients with diabetes who were also treated with an ACE inhibitor or ARB. Nonetheless, some participants with diabetes completed the study, enabling analysis of differential effects in subpopulations of participants with diabetes and without diabetes. We did not observe a significant difference between treatment groups on subgroup analysis. Further study is required to determine whether aliskiren may exert different effects on the vasculature in patients with diabetes.
Although the current study focused primarily on measures of disease progression, all cardiovascular events were systematically collected and centrally adjudicated. Even though this investigation was not powered to investigate the effect of aliskiren on clinical outcomes, differences were observed between the 2 treatment groups for this exploratory outcome. Fewer cardiovascular events occurred in the aliskiren treatment group (26 [8.5%]) than in the placebo group (50 [16.2%] ), including fewer numbers of deaths (1 vs 6, respectively), stroke (1 vs 4), and myocardial infarction (1 vs 8) . However, these findings must be interpreted with caution because they represent a prespecified exploratory end point in a trial not formally powered to assess clinical outcomes and are based on small numbers of events; therefore, these findings should be considered hypothesis generating and require further investigation.
In this study, aliskiren was associated with a relatively low incidence of adverse events. Higher rates were observed in patients treated with aliskiren vs placebo for hypotension (7.2% vs 3.9%, respectively) and renal and urinary disorders (6.9% vs 4.9%). Despite considerable background use of other RAAS modulating agents, a low incidence of hyperkalemia was observed (10.7% vs 9.8%), consistent with the findings of studies of aliskiren in patients with better kidney function.
29 These data, although based on exploratory analysis, suggest that a renin inhibitor may be able to be administered safely in patients with CAD without significant renal impairment and hyperkalemia. A number of limitations should be noted. All patients presented for a clinically indicated coronary angiogram. Only 1 coronary artery was investigated in each participant; thus, the relevance of the findings to the remainder of the coronary vasculature is unknown. It is uncertain whether similar findings would have been demonstrated with aliskiren administration in the setting of primary prevention. The alteration of the trial to discontinue the participation of patients with diabetes and treated with an ACE inhibitor or ARB also represents a factor potentially confounding interpretation.
Conclusion
Among participants with prehypertension and CAD, the use of aliskiren compared with placebo did not result in improvement or slowing in the progression of coronary atherosclerosis. These findings do not support the use of aliskiren for regression or prevention of the progression of coronary atherosclerosis. 
